Detrital zircon U/Pb geochronology is a common tool used to resolve stratigraphic questions, inform basin evolution and constrain regional geological histories. In favourable circumstances, detrital zircon populations can contain a concomitant volcanic contribution that provides constraints on the age of deposition. However, for non-volcanic settings, proving isolated detrital zircon grains are from contemporaneous and potentially remote volcanism is challenging. Here we use same grain (UeTh)/He thermochronology coupled with U/Pb geochronology to identify detrital zircon grains of contemporary volcanic origin. (UeTh)/He ages from Cretaceous zircon grains in southern Australia define a single population with a weighted mean age of 104 AE 6.1 Ma, indistinguishable from zircon U/Pb geochronology and palynology (w104.0e107.5 Ma). Detrital zircon trace-element geochemistry is consistent with a continental signature for parent rocks and coupled with detrital grain ages, supports derivation from a >2000 km distant early-to mid-Cretaceous Whitsunday Volcanic Province in eastern Australia. Thus, integration of biostratigraphy, single-grain zircon double-dating (geochronology and thermochronology) and grain geochemistry enhances fingerprinting of zircon source region and transport history. A distal volcanic source and rapid continental-scale transport to southern Australia is supported here.
Introduction
Detrital zircon U/Pb geochronology has expanded to become a standard tool in the geosciences, permitting a diverse array of geological questions to be addressed. Proliferation of detrital zircon based provenance studies has allowed refinement of basin settings (Cawood et al., 2012) , paleogeography, stratigraphy, as well as denudation histories (Sircombe and Freeman, 1999; Cawood et al., 2003; Fedo et al., 2003; Rahl et al., 2003; Veevers et al., 2005; Kirkland et al., 2007; Cecil et al., 2010; Dickinson and Gehrels, 2010; Gehrels, 2014; Fielding et al., 2017; Barham et al., 2018; Olierook et al., 2019) . Of particular importance in detrital zircon studies is the date of the youngest component, which provides a maximum age for sediment deposition (maximum depositional ageeMDA; Dickinson and Gehrels, 2009; Spencer et al., 2016) . In volcanically active regions, large volumes of volcanogenic material can be shed into adjacent depocentres, providing excellent opportunities to constrain depositional ages through identification of the youngest volcanic zircon population, or more ideally, discrete tuff horizons (Rasmussen and Fletcher, 2010; Pointon et al., 2012 Pointon et al., , 2014 Metcalfe et al., 2015; Laurie et al., 2016; Mory et al., 2017) . However, many depositional basins form in non-volcanic settings (e.g. intracontinental basins and post-rift passive margins), where U/Pb zircon geochronology may provide little constraint on depositional age (e.g., Cawood et al., 2012) . In non-volcanic settings, recognition of dispersed contemporaneous volcanic zircon crystals cannot rely on the same traditional techniques employed in analysis of more proximal volcaniclastic successions (Fisher, 1961; Fisher and Schmincke, 1984; Heiken, 1985; Suthren, 1985) or defined tuff horizons (e.g., . Consequently, the significance of distal and volumetrically minor contemporary volcanic zircon grains is often not fully realised.
Despite being a powerful tool, problems can arise with interpretation of detrital zircon U/Pb datasets when the ages of crystalline sources from disparate regions are the same (Rahl et al., 2003; Campbell et al., 2005; Reiners et al., 2005; Spencer et al., 2016; Barham et al., 2018) . Several geochemical signatures within zircon grains (LueHf, trace-elements and O-isotopes) can help to uniquely distinguish ultimate crystalline source regions. However, establishing the degree of complexity in the exhumation history and sedimentary routing of grains, particularly where both direct sourcing and recycling through intermediate sediment reservoirs are possible, is more problematic. Recently, individual zircon grain shape has been suggested to retain information with respect to provenance and routing mechanisms (Markwitz et al., 2017; Makulini et al., 2018; Markwitz and Kirkland, 2018) . However, in order to more fully investigate zircon grain origin, exhumation pathways and subsequent transport processes, an integrated "double-dating" approach, combining U/Pb with (UeTh)/He dating techniques (applied to the same grain) has proven to be a useful tool (Rahl et al., 2003; Campbell et al., 2005; Reiners et al., 2005; Saylor et al., 2012; Xu et al., 2017) . This approach offers a means to access information not only on the time of zircon crystallisation recorded by the high-temperature U/Pb geochronometer, but also on the previously inacessible post-crystallisation history of zircon grains that can be revealed by the (UeTh)/He system as it charts cooling through the w180 C isotherm (Reiners et al., 2004) . Although this closure temperature is relatively low, potentially resulting in widespread re-setting of zircon grains that had experienced distinct histories up to that point, the integration of thermochronology data with crystallisation age information in the context of regional geology, can still provide diagnostic grain history information .
Recent work on an enigmatic Cretaceous zircon subpopulation within a detrital zircon sample recovered from drillcore in southern Australia (Madura Shelf; Barham et al., 2016 Barham et al., , 2018 suggested extreme (>1000 km) grain dispersal from explosive eruptions on the eastern margin of Gondwana during the mid-Cretaceous for the young Albian zircon component (Fig. 1 ). An alternative grain history involving more protracted recycling and fluvial transport was proposed for detrital zircon grains with indistinguishable U/Pb age and Hf-isotope compositions from younger Upper Cretaceous (Santonian-Maastrichtian) sediments of the Ceduna Subbasin, further east on Australia's southern margin ( Fig. 1 ; Lloyd et al., 2016; Veevers et al., 2016) . Local rift-related volcanism along the southern margin has also been proposed as a more direct and proximal source of middle-Cretaceous volcanic-derived sedimentary rock offshore of southeast Australia (Gleadow and Duddy, 1981; Felton, 1992) , as well as suggested as a more plausible recycled source for Cretaceous zircon grains from the Ceduna Subbasin (MacDonald et al., 2013) . Although local southern margin rift volcanism is significantly undermined by a lack of evidence for appropriately aged volcanic rocks, as well as geochemical and sedimentological data (Bryan et al., 1997; Constantine, 2001) , the idea persists, and has even been expanded to encompass the broader Bight Basin ( Fig. 1 ; Duddy, 2016) . Consequently, this work sets out to test these distinct hypotheses, and demonstrate the Figure 1 . Simplified map of key geological regions associated with the study. Sedimentary basins mentioned in the text highlighted in pastel colours. Crustal blocks indicated with filled ornament. The Madura Shelf and Ceduna Subbasin form part of the larger Bight Basin. Red star indicates the location of FOR011 borehole from which sample 199453 was taken. The extent of overlying Cenozoic carbonates is shown by the red outline of the Eucla Basin. Composite map with elements from Bryan et al. (1997) and Barham et al. (2018) . Inset map shows a reconstruction of the paleogeography in the middle-Cretaceous with the view centred on the south pole; note volcanic system in eastern Australia, red lines correspond to spreading ridges, SAeSouth America, AfeAfrica, IneIndia, EAeEast Antarctica, AueAustralia, ZeZealandia; modified from Blakey (2008) . utility of integrated same-grain geochronology-thermochronologygeochemistry techniques in instances of more enigmatic zircon subpopulations recovered during standard zircon provenance studies. We apply a U/Pb and (UeTh)/He double-dating approach to establish whether (i) rapid cooling occurred near contemporaneously with zircon crystallisation as would be consistent with an eruptive volcanic origin, or (ii) if there was a more protracted cooling history, as would be the case for a plutonic zircon crystal that was eroded from deeper igneous plumbing and transported by more traditional surface fluvial processes, and (iii) whether any low-to moderate-temperature thermal events associated with burial in intermediate sediment sequences hosting the detrital zircon could be identified, helping to constrain grain histories and the mechanism by which the grains were incorporated into their current position. Geochronological data are combined with biostratigraphical data and trace-element discrimination of parent source-rock tectonic setting, to refine the primary origin of the detrital grains and establish a more complete source to sink history.
Geological background
Australia records a protracted history of rifting from eastern Gondwana, with the Perth Basin that developed between India and Australia exhibiting several discrete extensional episodes through the Phanerozoic from mid-Paleozoic to final rupture in the Cretaceous (Playford et al., 1976; Olierook et al., 2015 Olierook et al., , 2016 Olierook et al., , 2019 . Final break-up and isolation of Australia occurred in the Mesozoic ( Fig. 1 ; Blakey, 2008; Seton et al., 2012) . Separation occurred earliest on Australia's aforementioned western margin and propagated eastwards between Australia and Antarctica (Blevin and Cathro, 2008; Gibbons et al., 2013; Olierook et al., 2016) . Consequent crustal thinning on the southern margin of Australia formed a series of broadly coastline-parallel elongate basins, subbasins and intervening platforms that constitute the broader Southern Rift System (Stagg et al., 1990) . The Bight Basin constitutes the largest component of the Southern Rift System, extending over 2000 km of the southern margin of Australia (Fig. 1; Totterdell and Bradshaw, 2004) . Further east, the Otway, Gippsland and Bass basins record development under different extension directions, as well as distinct lithostratigraphic units recording contemporary intermediate-felsic, volcanic-derived sedimentation in the midCretaceous (Blevin and Cathro, 2008) . Despite the presence of substantial volumes of volcanogenic sedimentary material (andesitic, dacitic and rhyolitic lithic components) within the southeastern Australian basins (interpreted as externally sourced from the east; Bryan et al., 1997) , the broader southern margin of Australia is considered a non-volcanic rifted margin (Direen et al., 2007 (Direen et al., , 2011 Meeuws et al., 2016) . This is in contrast to northwestern and eastern Australian margins that are volcanic (Bryan et al., 1997; Mihut and Müller, 1998; Menzies et al., 2002; Direen et al., 2008) , and whose basins commonly host volcanic products (both intrusive and extrusive igneous rocks, and eruptive volcaniclastics).
As a result of the Cretaceous eustatic high, widespread deposition was simultaneously recorded across low-lying areas of Australia, in particular across the Madura Shelf (northern Bight Basin) and the Great Australian Basin (including the Eromanga Basin; Fig. 1 ). Cretaceous thermal subsidence and transgression of the Madura Shelf drove evolution from fluvio-lacustrine (Loongana Formation) to marine-shelf (Madura Formation) environments (Lowry, 1970; Haq, 2014; Barham et al., 2018) . Fully marine conditions were established across the Madura Shelf by the Albian (middle-Cretaceous) with deposition of fossiliferous glauconitic fine sands and silts of the Madura Formation sampled here. Coevally, interplay of sediment supply, dynamic topography and, significantly, eustasy saw evolution of shallow marine to fluvial environments recorded in the Eromanga Basin in northeast Australia from the early-to mid-Cretaceous (Gallagher and Lambeck, 1989; Gallagher et al., 1994; Matthews et al., 2011; Müller et al., 2016) .
Sediments within the Eromanga Basin are associated with widespread explosive volcanism preceding continental rupture and ultimate rifting of Zealandia from eastern Australia (Whitsunday Volcanic Province) during the Late Cretaceous (Bryan et al., 2012) . Within the Whitsunday Volcanic Province, lithologies range from mafic to felsic compositions and are volumetrically dominated by welded daciticerhyolitic and relatively lithic-rich ignimbrite units (up to 1 km thick) associated with relatively large caldera vestiges (tens of kilometers) that attest to explosive activity (Bryan et al., 1997 (Bryan et al., , 2012 . Greater than 2 Â 10 6 km 3 of volcaniclastic material derived from the Whitsunday Volcanic Province were supplied to eastern Australian sedimentary basins (principally the Eromanga Basin within the Great Australian Basin; Bryan et al., 2012) and later recycled into the Upper Cretaceous Ceduna Delta in the Ceduna Subbasin within the eastern Bight Basin ( Fig. 1 ; Lloyd et al., 2016; Veevers et al., 2016) . Importantly, interpreted volcanic Albian aged zircon grains with essentially identical U/Pb ages and Hf-isotope values are identified in the Eromanga Basin (Bryan et al., 1997; Greentree, 2011; Tucker et al., 2016) , the upper Ceduna Delta lobe (MacDonald et al., 2013; Lloyd et al., 2016; Veevers et al., 2016) and in a single sample of the Madura Shelf studied here (Barham et al., 2016) . Similarly-aged volcanic detritus is also reported from the Otway Basin in SE Australia (Gleadow and Duddy, 1981; Felton, 1992) .
Samples and methods
Zircon grains used in this study were separated from a 1 kg sample of friable, fine-medium glauconitic, micaceous sandstone (199453) collected at a depth of 98 m in borehole FOR011 (Fig. 1) . New (UeTh)/He and additional trace-element geochemistry analyses were undertaken on zircon grains previously mounted and ablated for U/Pb geochronology and Hf-geochemistry (Barham et al., 2016) . For (UeTh)/He dating, we selected zircon grains previously dated (i.e. same-grain double-dating) using U/Pb geochronology and identified as an Albian, w106 Ma "volcanic" component ( Fig. 2) , as well as grains interpreted to be from Mesoproterozoic basement (Table 1 ; Barham et al., 2016) . The grains within error or U/Pb concordia ages were plucked out from the "mount 2" of Barham et al. (2016) 
Results
U/Pb and Hf-isotope data from the dominantly regionallysourced (Meso-Paleoproterozoic basement) detrital zircon population recovered are presented and discussed in detail in Barham et al. (2016 Barham et al. ( , 2018 , with the focus here on investigating the distinct Albian subpopulation (w15% of the total concordant population of 252 analyses) that constrains the MDA of the sample.
(UeTh)/He thermochronology
Zircon (UeTh)/He ages (ZHe) determined for eight crystals representing the Albian zircon population range from 92.5 AE 7.6 Ma to 111.1 AE 9.2 Ma (1s; Fig. 4 ).
Trace-element geochemistry
Zircon trace element geochemistry is increasingly being used as a tool to identify crustal-scale to local metamorphic and magmatic processes operating during grain crystallisation, and further distinguish zircon provenance (Belousova et al., 2002; Grimes et al., 2007 Grimes et al., , 2015 Chapman et al., 2016; McKenzie et al., 2018) . A REE plot of w106 Ma grains reveals consistent geochemical profiles with a typical positive slope where HREE is enriched relative to LREE, consistent with REE incorporation controlled by lattice strain (Fig. 5; Blundy and Wood, 1994) . The LREE are moderately flat, with a positive Ce anomaly and negative Eu anomaly, likely controlled by magma oxidation state (Trail et al., 2012) . (Lu/Gd) N ranges from 16 to 102, indicating moderate to steep HREE patterns. The Albian zircon grains overlap the majority of detrital zircon grains from the Madura Shelf sample and fall in the continental field on a U/Yb versus Y plot ( Fig. 6 ; Grimes et al., 2007) . All but one Albian zircon grain plot exclusively within the continental crust field. Numerous detrital zircon grains and a single Albian grain plot with higher Y and lower U/Yb values within the overlap of the continental and oceanic crust fields, while one detrital grain lies completely within the oceanic crust field (Fig. 6 ).
Discussion

Current data and hypotheses
Three conflicting pathways have been proposed to explain delivery of Albian zircon grains to Cretaceous successions on the southern margin of Australia.
(i) Contemporaneous volcanism argued to be a cryptic feature of Australia's southern margin rift system, with proximal volcanic centers invoked to explain the abundance and coarseness of apparently unaltered labile volcanic mineral phases in midCretaceous sequences in offshore south-eastern Australian Basins (Gleadow and Duddy, 1981; Felton, 1992; Duddy, 2003) . Despite significant criticisms (see Bryan et al., 1997) and an absence of evidence for appropriately aged volcanism on the margin (Meeuws et al., 2016) , Mesozoic volcanism has been invoked more widely across the southern margin to explain young zircon populations in the Ceduna Subbasin (MacDonald et al., 2013) , as well as recently being proposed for material recovered from the Madura Shelf (Duddy, 2016) . (ii) Continental-scale alluvial-fluvial transport from a large volcanic system developed along the eastern margin of Australia (Whitsunday Volcanic Province), either directly or via recycling through intermediate sediment storage areas is supported by sedimentology (paleocurrents and facies relationships) and detrital zircon age and Hf-isotope similarity for material within the Ceduna Subbasin (Lloyd et al., 2016; Veevers et al., 2016) . (iii) Extreme dispersal of zircon grains into the catchment of the Madura Shelf by super-volcanic eruptions on the eastern margin of Australia (Barham et al., 2016) . Zircon Hf-isotopes and U/Pb ages corresponding with the Whitsunday Volcanic Province, which is increasingly being recognized for the large magnitude of its explosive nature and voluminous volcaniclastic deposits, are also compatible with this interpretation (Ewart et al., 1992; Bryan et al., 1997 Bryan et al., , 2000 Bryan et al., , 2010 Bryan et al., , 2012 ; Pirajno Source e source rock and U/Pb concordia ages according to Barham et al. (2016) ; TAU e total analytical uncertainty; eU e effective Uranium; Raw He age e (UeTh)/He age uncorrected for alpha recoil; Ft e alpha recoil correction factor after Farley et al. (1996) corrected for the mineral portion removed by polishing; Cor. He age e (UeTh)/He age corrected for alpha recoil. Average age for the population of young zircon crystals was calculated as error weighted average using Isoplot Excel Add-in (Ludwig, 2012) ; 95% Confidence Interval is the error propagated from the assigned data-point errors multiplied by the square root of the MSWD and Student's-t for N-1 degrees of freedom. Zircon crystals from the Mesoproterozoic basement (marked with an asterisk) were not included in the weighted mean calculation.
and Hoatson, 2012). Additionally, the relatively distinct grain shape of the Albian zircon population may be consistent with this pathway, dissimilar to associated older detrital zircon grains within the population ( Fig. 2; see Markwitz et al., 2017; Makulini et al., 2018; Markwitz and Kirkland, 2018) .
Palynomorphs recovered (Barham et al., 2016 ) from adjacent sampling of the Madura Formation within the FOR011 core attributed to the Pseudoceratium [Endoceratium] ludbrookiae zone of Helby et al. (1987) , independently constrain the age of deposition to w104e107.5 Ma (Partridge, 2006) . This age is consistent with palynostratigraphy in regionally adjacent wells (Totterdell and Krassay, 2003) and in good agreement with the Concordia U/Pb age (w106 Ma) of the youngest zircon component in sample 199453, implying rapid incorporation of this age subpopulation to the Madura Shelf sequence. In contrast to this, similarly aged Albian detrital zircon grains recovered from the Ceduna Subbasin, are significantly older than the depositional age of their host sediments (ConiacianeMaastrichtian), implying a more protracted transport history in processes quite distinct from those inferred for the Madura Shelf subpopulation (Barham et al., 2016) . Currently no older (Albian) material is available from the Ceduna Delta to assess the presence or absence of Albian zircon grains and the nature of their transport. Disparities in the overall detrital zircon population age characteristics , as well as landscape evolution modelling (Salles et al., 2017) , imply a disconnect between the sedimentary systems of the Madura Shelf and those of the Eromanga Basin and Ceduna Subbasin. The majority of detrital zircon grains from the Madura Shelf and regional overlying Cenozoic clastics match (Meso-Paleoproterozoic) hinterland crystalline rocks of the Albany-Fraser Orogen (west) and Musgrave Province (north), as well as underlying basement of the Madura and Coompana Provinces ( (Galbraith, 1988 (Galbraith, , 1990 ) constructed using RadialPlotter v. 9.0 (Vermeesch, 2009 ). The relative age uncertainty of each analysis can be found by applying the 2s vertical scale bar (left) to each data point and projecting from the origin through the extremes of the 2s scale to the age scale arc. Australian source regions are expressed in the detrital zircon populations of the Ceduna Subbasin (Neoproterozoic to Phanerozoic) and Eromanga Basin (Greentree, 2011; MacDonald et al., 2013; Tucker et al., 2013 Tucker et al., , 2016 Veevers et al., 2016) . Thus, the distinct but subordinate Albian zircon population has been interpreted as reworked into local Madura Shelf clastic sediments only after significant aerial dispersion into the Madura Shelf catchment (Barham et al., 2016 .
Establishing a volcanic origin based on integrated U/Pb geochronology and (UeTh)/He thermochronology
Identifying the youngest zircon age component (MDA) and determining the length of time between its crystallisation, exposure to the surface and ultimate incorporation into a sediment is critical for any volcanic interpretation of a distinct detrital zircon subpopulation. However, establishing the precise timing of these different steps may be significantly influenced by the dating techniques applied. Despite larger uncertainties potentially masking magma chamber processes operating on <<1 Ma timescale (autocrystic vs antecrystic grains, magma residence, heterogeneous cooling, etc.; Sano et al., 2002; Buret et al., 2016; Mami et al., 2017) , in situ LA-ICPMS remains the standard for detrital provenance studies and has been demonstrated capable of resolving distinct episodes of pluton growth in the world's youngest exposed plutonic rocks (Ito et al., 2017; Spencer et al., 2019) . Such age resolution is achieved through statistical, error-weighted assessment of discrete population ages. Thus, by using (i) cathodoluminescence to constrain crystallisation histories ( Fig. 2 ; Corfu et al., 2003) , (ii) selective analytical spot placement, and (iii) combined age and geochemistry to define unique populations (c.f. Gagnevin et al., 2010) , to demonstrate genetic groups, statistical population ages with MSWD (mean squared weighted deviation) information can demonstrate more refined event ages from LA-ICPMS data (as well as the level of age confidence). This approach, applied to the Albian zircon subpopulation analysed here argues against significantly distinct events being represented (Barham et al., 2016) . Although closely spaced (w100 ka) zircon growth phases or eruptive events cannot be resolved, their distinction is irrelevant for the purpose of this study.
Temporal concordance of zircon (UeTh)/He and U/Pb ages is important for demonstrating geologically instantaneous cooling of the grains (rapid transition from magma chamber to the surface and availability to sedimentary processes) and lack of subsequent burial resetting events (protracted detrital grain history; Xu et al., 2017) . However, typical age population plotting techniques combine data regardless of precision, potentially concealing data complexity (e.g., Vermeesch, 2012) . In order to simultaneously visualise zircon (UeTh)/He and U/Pb datasets whilst being mindful of their respective precisions, we propose that radial plots (Galbraith plots) are a powerful graphing technique that can meaningfully assess the degree of similarity of distinct age measurements and examine heterogeneity within a detrital population (Galbraith, 1988 (Galbraith, , 1990 . Radial plots allow simultaneous comparison of the age values of individual datapoints (defined by the intersection of a line projected from the origin through a particular point within the plot, to the arc age axis) and precision (as a percentage of the measured age, indicated on the horizontal axis). Examination of radial plots for the combined zircon (UeTh)/He and U/Pb datasets from sample 199453 analysed here (Fig. 3) , highlights a number of important points: (i) Distinct U/Pb analytical sessions are resolvable based on their dissimilar operational external precision during individual analytical sessions (Fig. 3) . Overall, the superior precision of the U/Pb dating technique is apparent. Within U/Pb analytical sessions, the influence of U-concentration on analytical precision is apparent, with zircon grains exhibiting higher Uconcentrations and greater radiogenic lead, subsequently having lower internal uncertainty. (ii) The youngest statistically coherent zircon U/Pb age population yielded a (UeTh)/He age of 104 AE 6.1 Ma (MSWD ¼ 0.6), which is in excellent agreement (Figs. 3, 4 and 7) with both biostratigraphic constraints and the U/Pb Concordia age of 105.8 AE 1.2 Ma (MSWD ¼ 1.5; n ¼ 28; Barham et al., 2016) . These data indicate that the zircon grains rapidly cooled through the U/Pb and (UeTh)/He system closure temperatures essentially simultaneously and have not been exposed to any later resetting event. Despite variation in individual analyses for each of the two chronology techniques, age populations appear normally distributed and essentially define single populations (Fig. 4) . MSWD values associated with the respective dating approaches support recognition of discrete populations and give statistical confidence that the two dating systems represent temporally indistinguishable event/s (Wendt and Carl, 1991; Schoene et al., 2013; Spencer et al., 2016) . Therefore, the grains were exposed to the Earth's surface rapidly and were not subsequently sufficiently buried to experience temperatures >w180 C prior to, or after, incorporation into the Madura Formation. Isolated zircon grain ages apparently postdate the host sediments deposition, a fact that attests more to the synsedimentary nature of the volcanism, tightness of age constraints and otherwise exceptional agreement of dating systems than inadequacies of the age constraints (dinocyst biostratigraphy, U/Pb geochronology and (UeTh)/He thermochronology). Previously identified differences between detrital zircon population age profiles of the Madura Shelf, Ceduna Subbasin and Eromanga Basin indicate significant distinction between their respective sedimentary systems (Barham et al., 2016 . Collectively, these datasets all strongly support a volcanic origin and rapid, direct transport to the Madura Shelf catchment as opposed to any protracted erosion from deeper igneous systems and/or erosion from local volcaniclastics and subsequent surface transport processes with further episodes of intermediate burial and recycling. (iii) (UeTh)/He ages from limited Proterozoic zircon grains yield Neoproterozoic and early Paleozoic dates that suggest a more complex cooling history with longer crustal residence (due to disparity with U/Pb crystallisation age; Fig. 4 ) or reheating to the zircon helium partial retention zone (w140e220 C; Guenthner et al., 2013) . The latter interpretation may indicate erosion from intermediate sedimentary basins (e.g., Officer Basin) that were active at these times ( Fig. 4 ; Grey et al., 2005) . Such recycling may have implications for the world-class heavy mineral deposits developed along Cenozoic shorelines on the southern margin of Australia, in the same region as this case study, which have been interpreted to involve extreme upgrading via recycling of zircon (Hou et al., 2011; Reid et al., 2013) . Furthermore, though less sensitive than apatite, the preservation of Neoproterozoic and early Paleozoic zircon (UeTh)/He cooling ages argues against significant burial/ resetting and exhumation events being widespread regionally in the Mesozoic (e.g., MacDonald et al., 2013).
Trace-element insights to source region evolution
Although debate continues as to the nature of Cretaceous eastern Australia volcanism (Whitsunday Volcanic Province; Bryan et al., 2012; Tucker et al., 2016) , regardless of the preferred model, zircon grains from this margin should express a continental traceelement signature given the continental position of parental volcanic activity, incorporation of continental geochemical contamination and overall siliceous nature of the large igneous province ( Fig. 1 ; Ewart et al., 1992; Norvick et al., 2001; Bryan et al., 2012) .
Predominantly Jurassic, low volume mafic rift-related volcanics of the Coleraine Volcanic Group and Caserton Fm. have been recorded in the Otway and Gippsland basins (Geoscience Australia and the Australian Stratigraphy Commission, 2018). Further to the south, dolerites associated with the Ferrar LIP have been dated to w180 Ma and cover large areas of Tasmania (Burgess et al., 2015; Ware, 2018) . However, Mesozoic volcanic centres are currently unknown from the Bight Basin on the designated non-volcanic southern margin of Australia, despite extensive seismic surveys of the drowned continental margin, which are capable of mapping Cenozoic volcanics (Schofield and Totterdell, 2008) . MidCretaceous volcaniclastics are developed in the Otway Basin (in particular the Strzelecki Group; Fig. 1 ). Otway Basin volcaniclastics were initially interpreted as deriving locally (Gleadow and Duddy, 1981; Duddy, 2016) and from active rifting (Felton, 1992) . It is now recognised that rifting largely preceded deposition of the major volcaniclastic sequences in the Otway and Gippsland Basins, with strong evidence for volcaniclastic derivation from the same eastern Australian Whitsunday Volcanic Province that supplied the Eromanga Basin (Bryan et al., 1997; Constantine, 2001; Geoscience Australia, 2018) . Thus, an eastern sourcing is now widely accepted (e.g., Blevin and Cathro, 2008; Tosolini et al., 2018) for Otway Basin volcaniclastics. The area between the Yilgarn and Gawler cratons (Fig. 1) , including the Madura Shelf, is underlain by Proterozoic juvenile crust with oceanic affinities . Given (i) regional basement compositions, (ii) pronounced crustal thinning and ultimate mid-Cretaceous development of new oceanic crust along the southern margin of Australia (Müller et al., 2000; Veevers, 2000) , and (iii) lack of other impetus for any possible volcanism, zircon grains from hypothetical local southern margin volcanics could reasonably be expected to have trace-element signatures with more juvenile oceanic-crust affinities (sensu Figure 7 . Integrated chronostratigraphic and biostratigraphic constraints provided by analyses for sample 199453. New (UeTh)/He data shown in red. Arrowheads indicate the first and last appearance of key taxa. Magnitude of grey within the biostratigraphic constraints corresponds to overlapping constraints from key taxa, with the continuous horizontal grey bar equating to the Endoceratium ludbrookiae biozone indicated by the "Full Ass." ¼ full palynological assemblage. Chronostratigraphy modified from Gradstein et al. (2012) , Australian dinocyst zonation from Partridge (2006) , U/Pb data from Barham et al. (2016) . Grimes et al., 2007) than either a continental arc or intra-plate siliceous large igneous province, as suggested for eastern Australia. Although enhanced zircon fertility is commonly associated with felsic crystalline rock units, zircon can be generated across a range of rock compositions from gabbroic oceanic crust to S-type granites (Grimes et al., 2007 (Grimes et al., , 2015 Kaczmarek et al., 2008; Lissenberg et al., 2009; Hopkinson et al., 2017; Spencer et al., , 2018 . Consequently, zircon trace-element signatures can be used to assist differentiation of detrital zircon origins (Grimes et al., 2007 (Grimes et al., , 2015 . Trace-element data from the Albian volcanic zircon grains on the Madura Shelf are associated with continental geochemical signatures (Fig. 6) . Hence, since no other appropriately aged volcanic centres are known, trace-element data further support that volcanic zircon grains on the Madura Shelf were derived from the Whitsunday Volcanic Province rather than any hypothetical volcanic system on the southern margin of Australia, where known Cenozoic magmatism is interpreted as mantle-derived (Meeuws et al., 2016) .
An integrated model and future testing
While little evidence can be presented to support a local southern margin volcanic source for Albian zircon grains on the Madura Shelf, zircon geochronology and Hf-isotope geochemistry, sedimentology, and landscape evolution modelling have demonstrated a potentially viable mechanism of delivering material from the Whitsunday Volcanic Province to the Ceduna Delta (Lloyd et al., 2016; Veevers et al., 2016; Salles et al., 2017) . The similar U/Pb age and Hf-isotopic character of zircon grains on the Madura Shelf, as well as their trace element geochemistry, support derivation from the Whitsunday Volcanic Province. However, unlike the Ceduna Delta material, the Madura Shelf Mesozoic zircon component is discrete and volumetrically subordinate, which, along with (i) a lack of shared characteristic zircon age signatures, (ii) a distinctiveness of Albian zircon grain shape, (iii) lack of burial resetting of (UeTh)/He ages, and (iv) indications of extremely rapid transport for the Albian zircon subpopulation (agreement of dating techniques), are all interpreted here to support a distinct transport mechanism consistent with distal projection of a volcanic component into the Madura Shelf catchment (Barham et al., 2016) . Although individually equivocal, data that may further resolve this contentious matter include: (i) analysis of Albian sequences within the Ceduna Delta (once drilled), or elsewhere, to discriminate a volcanically projected component similar to that supported for the Madura Shelf (though it may be difficult to resolve in the Ceduna Subbasin that should contain only slightly older detrital volcanic material transported via the transcontinental drainage system), (ii) analysis of paleodrainage systems between the Madura Shelf and Eromanga Basin to establish where any drainage divide exists and understand if this was ever breached, (iii) more precise dating (chemical abrasion isotope dilution thermal ionisation mass spectrometry) of Albian zircon grains to better understand their crystallization histories, and (iv) investigation of lower temperature thermochronometers (e.g., apatite) to further interrogate the postcrystallization history of any potentially volcanic components.
Conclusions
Indistinguishable (UeTh)/He and U/Pb geochronology population ages of 104 AE 6.1 Ma and 105.8 AE 1.2 Ma, respectively, obtained from zircon grains hosted in the Madura Formation support rapid cooling as expected for volcanic grains. The ages are also identical to those suggested by the Endoceratium ludbrookiae dinocyst biozone assigned for that level of the stratigraphy, implying (i) accuracy of the current definitions of the chronostratigraphic interval and the decay constants for the two independent geochronometer systems, and (ii) rapid incorporation of the volcanic grains into the Madura Shelf sequence post crystallisation. A lack of younger (UeTh)/He ages argues against intermediate burial or thermal resetting and, in combination with existing data, supports the extreme volcanic dispersal of w106 Ma zircon grains. New analyses of the trace-element composition of these Cretaceous zircon grains indicate a continental signature for the volcanic source region. This geochemistry is consistent with Hf-isotope fingerprinting of an eastern Australia continental volcanism source rather than a hypothetical, southern margin oceanic volcanic source.
Integrated zircon (UeTh)/He and U/Pb geochronology and traceelement geochemistry has significant potential to constrain sediment provenance and routing possibilities, as well as assist recognition of contemporaneous volcanic zircon grains within detrital populations and thus provide absolute ages of deposition. Therefore, multi-proxy age and geochemical data extractable from single grains following standard LA-ICPMS detrital zircon provenance work is proven to be a viable mechanism of interrogating the origins of discrete subpopulations. Although high uncertainties with the (UeTh)/He (w8%) and LA-ICPMS (w1%e4%) techniques will decrease the ability of these analytical approaches to confidently prove genuine synchronicity of closure ages (volcanic populations) in older samples, potential re-setting of the (UeTh)/He age in consideration of the U/Pb crystallization age still yields greater constraints on grain history and regional geology (sediment burial, orogeny, regional igneous activity etc.) than single dating approaches alone.
